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Edited by Barry HalliwellAbstract Tyrosine nitration results in altered function of selec-
tive proteins, including human smooth muscle L-type calcium
channel, hCav1.2b. We report here that Cav1.2 is also subject
to ‘‘denitration’’. Cell lysates from activated macrophage-like
cell line, RAW264.7 cells, reversed peroxynitrite-induced nitra-
tion of the carboxy terminus of Cav1.2 in a 1D gel assay. Tyro-
sine phosphorylation of the calcium channel by c-src kinase was
blocked by nitration but reversed by pretreatment with
RAW264.7 cell lysates. These ﬁndings indicate that denitration
may be a physiological mechanism to restore cellular excitability
during inﬂammation.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Reactive nitrogen species, e.g., nitrogen monoxide (NO)
(that can undergo interconversion to form nitrosonium
(NO+), and nitroxyl anion (NO)), peroxynitrite (ONOO),
nitrogen dioxide (NO2) and nitrylchloride (NO2Cl) act as
nitrating agents that aﬀect protein function [1,2]. Nitration
of tyrosine residues, particularly by peroxynitrite, is known
to occur in many disease states leading to the formation of
nitrotyrosine [3]. The consequence of nitration is altered func-
tion of the target protein resulting from changes in conforma-
tion and structure of the protein, modulation of the catalytic
activity of enzymes, susceptibility to proteolysis and/or aﬀect-
ing signal transduction by hindering tyrosine phosphorylation
[4–6].
Ion channels represent a signiﬁcant target for modulation by
reactive nitrogen species [7]. These may be aﬀected either di-
rectly or indirectly leading to altered cellular excitability. We
have recently established the potential role of tyrosine nitra-
tion within the C-terminus of the smooth muscle L-type cal-
cium channel [8,9]. Our studies have shown that colonic
inﬂammation results in the nitration of Y1837 and Y2134 within
the C-terminus of the human smooth muscle calcium channel,
Cav1.2b, and prevents phosphorylation by the tyrosine kinase,
c-src kinase. Impaired ability of c-src kinase to phosphorylate
the calcium channel results in decreased calcium currents and
muscle contraction during colonic inﬂammation [8]. Analo-*Corresponding author. Fax: +1 804 828 1532.
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process of denitration has been suggested although the speciﬁc
enzyme(s) in this process have not been identiﬁed [10–13].
Denitration may be of importance in the regulatory processes
within cells allowing for ‘‘repair’’ of the aﬀected protein with-
out invoking de novo synthesis. Denitrase activity is preferen-
tially observed in some tissues, e.g., spleen, lung and activated
macrophages and demonstrates substrate speciﬁcity [10]. Pro-
teins thought to be speciﬁc substrates for denitrase include
the histone H1.2, albumin and calmodulin. Irie et al. [11] re-
ported the presence of denitrase activity in the mouse cell line,
RAW264.7 which has similarities with macrophages. In the
present study, we examined the denitrase activity from these
cells towards the nitration of tyrosine residues in the car-
boxy-terminus of the human smooth muscle L-type calcium
channels.2. Materials and methods
2.1. Materials
The anti-CT antibody was generated from the carboxy-terminus of
human Cav1.2b (amino acids 1809–2138) by ProSci Inc. (Poway,
CA). All other antibodies used in this study were purchased as noted.
The secondary antibodies (anti-mouse IRDye 680 and anti-rabbit IR-
Dye 800CW) were obtained from LiCor Biosciences (Lincoln, NE).
Glutathione Separose 4B bead was obtained from Amersham Biosci-
ences (Piscataway, NJ) and all other chemicals were purchased from
Sigma–Aldrich (St. Louis, MO) unless otherwise noted. Murine mac-
rophage-like RAW264.7 cells were obtained from Sigma–Aldrich.
2.2. Construction of GST fusion protein
Glutathione-S-transferase (GST) fusion proteins were constructed
for the C-terminus of the human Cav1.2b (amino acids 1809–2138), de-
noted as GST–CT. The sense primer was designed to contain a BamHI
site in the 5 0 end and the antisense primer was designed to contain an
EcoRI site at the 5 0 end. The resultant PCR product was subcloned in
frame with the GST open frame of the bacterial expression plasmid
pGEX-6P-3 (Amersham Biosciences) between BamHI and EcoRI sites.
In frame cloning was conﬁrmed by cDNA sequencing of the resultant
plasmid. GST–CT fusion protein was generated as previously de-
scribed [9].
2.3. Nitration of GST fusion proteins and immunoblots
GST fusion proteins were incubated in 500 lM 3-morpholinosyd-
nonimine (SIN-1) (TOCRIS Bioscience, Ellisville, MO) for 1 h fol-
lowed by peroxynitrite (150 lM, Cayman Chemical, Ann Arbor, MI)
three times at 4 min intervals at 30 C. Fifty microlitres glutathione
separose beads were added and incubated for 30 min. The pellet was
centrifuged at 500 · g for 5 min and washed three times with PBS buf-
fer. SDS loading buﬀer was added and then subjected to SDS–PAGE.
Conﬁrmation of nitrated GST–CT was determined by anti-c-terminus
(anti-CT) and anti-GST (Millipore, Billerica, MA) antibodies. Ni-
trated GST–CT proteins were subjected to SDS–PAGE and were
transferred onto nitrocellulose membrane. After blocking with 5%blished by Elsevier B.V. All rights reserved.
Fig. 1. Nitrotyrosine formation of the calcium channel by peroxyni-
trite. Nitration of Cav1.2b transfected HEK293 cells and GST–CT
proteins were generated by ONOO as described in Section 2. Western
blots demonstrating the eﬀect of increasing ONOO concentration on
(a) Cav1.2b (top panel) calcium channel and (b) CT fragments (bottom
right). Samples were co-immunoblotted with anti-nitrotyrosine (anti-
NY) and calcium channel antibodies (anti-Cav1.2 or anti-CT). IR-
conjugated secondary antibodies were used: anti-NY (green) and anti-
calcium channel (red). Merged images in top panels show nitration of
the calcium channel.
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were cut and incubated with appropriate amount cell lysates (5 mg/
ml) for 2 h at 30 C. Membrane strips were then washed with PBS
and peroxynitrite-treated GST–CT was probed for nitrotyrosine by
Western blot using anti-nitrotyrosine (anti-NY, Calbiochem, La Jolla,
CA) antibody. The immunoreactive bands were quantitated using an
Odyssey imaging system (LiCor Biosciences). All results represent
the average intensity ± standard error of the means (S.E.) from at least
three separate experiments.
2.4. Nitration of calcium channel proteins
Human embryonic kidney (HEK)293 cells were maintained and
grown to 80% conﬂuence in DMEM (Invitrogen, Carlsbad, CA)
medium supplemented with 10% fetal bovine serum (Invitrogen),
100 units/ml penicillin/streptomycin (Invitrogen) in a humidiﬁed atmo-
sphere of 5% CO2 and 95% O2 at 37 C. HEK293 cells were co-trans-
fected with cDNA of human jejunal voltage-gated calcium channel
Cav1.2b and b2, treated with the nitrating agent 3-morpholinosydnon-
imine (500 lM) and sodium peroxynitrite (150 lM) three times at 4-
min intervals. The transfected cells were then treated with the cell
lysates (200 lg/ml) from LPS-activated RAW264.7 cells at 37 C for
1 h. After washing with phosphate buﬀer saline (PBS), cells were har-
vested and solubilized in RIPA buﬀer (Santa Cruz Biotechnology,
Santa Cruz, CA) supplemented with protease inhibitors (Roche Diag-
nostics, Indianapolis, IN) containing 0.2 mM phenylmethylsulfonyl
ﬂuoride, 10 lg/ml Calpain I, 10 lg/ml Calpain II, and 0.1 mM sodium
orthovanadate. After incubation for 30 min on ice, cell debris was pel-
leted by centrifugation (10000 · g, 10 min, 4 C). The supernatant was
aliquoted and stored at 80 C. Protein concentration was determined
by the BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL)
prior to use in the experiments and standard protocols for immunoblot
were performed using anti-Cav1.2 (Calbiochem) and anti-nitrotryosine
antibodies.
For measuring the eﬀect of denitration on smooth muscle calcium
channel, colon were excised from mice and treated with SIN-1 and
ONOO. Calcium channel protein samples were prepared as previ-
ously described [8] and examined for nitrotyrosine as above. Denitra-
tion of colonic smooth muscle calcium channel by cell lysates from
RAW264.7 cells were determined in similar fashion to the transfected
HEK cells.
2.5. Preparation of cell lysate from LPS-activated RAW264.7 cells
Murine macrophage-like RAW264.7 cells were maintained and
grown to 80% conﬂuence in DMEM medium supplemented with
10% fetal bovine serum, 100 units/ml penicillin/streptomycin in a
humidiﬁed atmosphere of 5% CO2 and 95% O2 at 37 C. For the
source of denitrase, cells were treated with 50 ng/ml of bacterial anti-
gen lipopolysaccharide, LPS (Sigma–Aldrich) for 24 h, and then were
harvested and resuspended in lysis buﬀer (20 mM Tris, pH 8.0, 1%
Nonidet P-40, 0.15 M NaCl, 1 mM Na2PO4 and 1 mM EGTA). The
supernatant was subjected to denitration assay.3. Results
The concentration of peroxynitrite that produced consistent
nitration of the calcium channel was determined by treating
Cav1.2 transfected HEK293 cells with a combination of SIN-
1 (500 lM) and varying peroxynitrite concentrations. Nitroty-
rosine formation was conﬁrmed by western blots using the
anti-nitrotyrosine antibody. Fig. 1 (top panel) shows that
150 lM peroxynitrite induced nitration of the full-length cal-
cium channel protein. We have previously shown that nitration
of tyrosine residues occurs within the C-terminus of the cal-
cium channel. A GST-fusion protein of the C-terminus of
Cav1.2 was incubated with varying concentrations of peroxyni-
trite, run on SDS–PAGE gel and immunoblotted with anti-CT
(rabbit) and anti-nitrotyrosine (mouse) antibodies. The merged
image shows that nitration of the CT fragment was evident at
100–150 lM. In the following experiments, 150 lM peroxyni-trite concentration was chosen as the ﬁnal concentration to in-
duce nitration of tyrosine residues.
In order to determine whether nitration of the C-terminus of
the calcium channel was subject to denitration by activated
macrophages, 1D membrane assay of GST–CT was per-
formed. GST–CT was incubated with peroxynitrite, separated
by electrophoresis, transferred to PVDF membranes and trea-
ted with cell lysates from activated RAW264.7 cells. Immuno-
blots were performed with anti-CT and anti-nitrotyrosine
antibodies. Treatment with macrophage cell lysates resulted
in marked down-regulation of nitrotyrosine (Fig. 2). Heat
inactivation of the cell lysates or incubation with lysis buﬀer
alone prevented denitration. We further examined the speciﬁc-
ity of the denitrase activity in macrophages by determining the
eﬀect of cell lysates prepared from CHO cells. Fig. 3 shows that
unlike RAW264.7 cells, the lysates from CHO cells did not re-
sult in denitration of GST–CT.
We have previously demonstrated that nitration of tyrosine
residues prevents src kinase mediated tyrosine phosphoryla-
tion resulting in reduced calcium currents [9]. To determine
whether denitration restores the ability for src kinase to induce
phosphorylation, GST–CT was incubated with peroxynitrite,
run on a SDS–PAGE gel, transferred to PVDF membrane fol-
lowed by treatment with RAW264.7 cell lysates. The mem-
brane strips were then incubated with src kinase (in kinase
buﬀer) to induce tyrosine phosphorylation and immunoblotted
with anti-phosphotyrosine antibody (anti-PY20, Santa Cruz
Biosciences) (Fig. 4). GST–CT could be phosphorylated after
treatment with cell lysates from RAW cells but not in its ab-
sence.
Denitrase activity of macrophage cells was also examined
against nitration of the full-length Cav1.2b transfected in
HEK293 cells (Fig. 5A) and native colonic smooth muscle cal-
cium channels (Fig. 5B). The transfected cells or the smooth
muscle tissues were treated with peroxynitrite (150 lM), lysed
Fig. 3. Lack of denitrase activity in cell lysates of CHO cells.
Treatment of nitrated CT with cell lysates from CHO cells did not
reduce tyrosine nitration. Nitration of GST–CT proteins was analyzed
by Western blot after peroxynitrite treated proteins were incubated
with cell lysates from LPS-treated CHO cells. Similar results were
obtained from three separate experiments.
Fig. 4. Denitration restores src kinase induced tyrosine phosphoryla-
tion. GST–CT proteins were nitrated by ONOO and either treated
with cell lysates from LPS-activated RAW264.7 cells or not prior to
phosphorylation by c-src kinase (9 units/ml) incubation. Immunoblots
with anti-phosphotyrosine (anti-PY) antibody showed phosphoryla-
tion of nitrated GST–CT after treatment of RAW264.7 cell lysates,
whereas nitration of GST–CT prevented phosphorylation by c-src
kinase (right panel). Bottom graph shows relative amount of signal
intensity for phosphorylation (n = 3).
Fig. 5. Denitration of heterologously expressed Cav1.2b (A) and
colonic smooth muscle calcium channel (B). Treatment of HEK293
transfected cells and mouse colonic smooth muscle with ONOO
resulted in nitration of calcium channels. Nitrotyrosine was signif-
icantly reduced by treatment with cell lysates from RAW264.7 cells.
The presence of calcium channels were conﬁrmed with anti-Cav1.2
antibodies. Figure is representative of three separate experiments.
Fig. 2. The eﬀect of cell lysates from LPS-activated macrophage
RAW264.7 on nitrated GST–CT (150 lg). Nitrotyrosine immunore-
activity was detected with anti-NY antibody. The intensity of nitrated
GST–CT was reduced by 88% following treatment with cell lysates
from 24 h activated RAW264.7 cells but not when incubated with heat
inactivated cell lysates or lysis buﬀer only. The presence of GST–CT
proteins was conﬁrmed by anti-CT antibody. Relative amounts of
nitration were calculated as means ± S.E. of three independent
experiments. *P < 0.005 vs. no lysate.
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strips were blotted with anti-Cav1.2 and anti-nitrotyrosine
antibodies. Figure 5 shows that treatment with RAW cells also
induces denitration of the full-length heterologously expressed
and native smooth muscle calcium channels.4. Discussion
Recent studies have suggested that nitration of tyrosine res-
idues may be a reversible process [10–12,14]. Nitration of the
tyrosine residues involves a covalent modiﬁcation, resulting
in the addition of a nitro group onto the ortho carbon of thetyrosine residue [4] and alters the functional properties of the
target protein. Nitrotyrosine formation has been established
in several pathophysiological states. Denitration is a possible
mechanism by which proteins may regain their function with-
out the need for resynthesis. In the present study we used a
similar 1D assay as that reported by Irie et al. [11] to determine
whether the c-terminus of the calcium channel was subject to
denitrase activity of activated RAW 264.7 cells. We have pre-
viously shown that the a subunit of the human smooth muscle
calcium channel is nitrated at tyrosine residues within the car-
boxy terminus by peroxynitrite [8,9]. This impairs tyrosine
phosphorylation by src kinase [15] resulting in the reduced cal-
cium currents. The physiological implication of the decreased
calcium currents is the attenuation of muscle contraction dur-
ing inﬂammation [16,17]. In an experimental model of colitis,
we reported decreased contractions of the colonic smooth mus-
cle due to altered regulation of calcium channel by src kinase
following nitration [8].
The denitrase activity of RAW264.7 cells, that was initially
identiﬁed by Murad and co-workers, was shown to be selective
Fig. 6. Schematic presentation of putative sites for nitration of
tyrosine residues with the carboxy-terminus of Cav1.2. Peroxynitrite
formation during colonic inﬂammation induces nitration of tyrosine
residues in the terminal segment of Cav1.2, preventing tyrosine
phosphorylation and binding of SH2 and SH3 domains of c-src
kinase. Regulation by c-src kinase is importantly involved in calcium-
inﬂux mediated contraction and gene transcription.
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suggest that the carboxy terminus of the L-type calcium chan-
nel may also be a potential substrate for the denitrase. In the
GST fusion protein consisting of the terminal 229 amino acids
of the calcium channel, tyrosine residues at positions 1837 and
2134 are potential phosphorylation sites with Y2134 nitration
preventing anchoring of the SH2 domain of c-src with the cal-
cium channel [9] and thus aﬀecting c-src regulation of the cal-
cium channel (Fig. 6). Pretreatment with the cell lysates from
RAW264.7 cells, however, was suﬃcient to allow for recovery
of tyrosine phosphorylation by c-src kinase (Fig. 4). In addi-
tion to the heterologously expressed channel, native smooth
muscle calcium channel is also a substrate for regulation by
denitrase activity.
It is noteworthy that in many tissues, the levels of nitrotyro-
sine formation are low and that one in ﬁve 3-nitrotyrosine res-
idues per 10000 may be detected [4]. This is likely due to the
requirement of consensus sequences in the target protein. In
colonic smooth muscle tissues, pretreatment with peroxynitrite
reduces calcium-inﬂux mediated contractions but not that due
to intracellular calcium release suggesting that tyrosine nitra-
tion did not aﬀect contractile proteins at least to the same ex-
tent as the smooth muscle calcium channel [8]. Inﬂammation
induced increases in reactive nitrogen species occurs as a result
of increased neutrophils and macrophages. In this study, we
examined the denitrase activity from macrophage-like cells
on colonic smooth muscle. Further studies to establish whether
smooth muscle cells can also synthesize ‘‘denitrase(s)’’ to regu-
late endogenous calcium channel function during inﬂamma-
tion will be necessary. Nevertheless, our studies establish a
potential role for nitration/denitration of the calcium channel
as a ‘‘switch’’ to regulate calcium-inﬂux during inﬂammation.
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